Introduction
The cellobiose-utilization (Cel) system of Escherichia coli is being used as a model system to study the evolution and maintenance of cryptic genes (Kricker and Hall, 1984) . Cryptic genes are genes that are silent and not normally expressed during the life cycle of an organism but that can be activated by a variety of genetic events (Hall et al. 1983) . Cryptic genes that have been identified in E. coli include the citratetransport genes citA and citB (Hall 1982) , the genes of the bgl operon for catabolism of the P-glucoside sugars arbutin and salicin (Prasad and Schaefler 1974) , and the recently identified Cel gene cluster for cellobiose catabolism (Kricker and Hall 1984) .
The Cel cluster is located at 37.8 min on the E. coli map. It is not expressed in wild-type strains of E. coli. Activation of the Cel cluster by spontaneous mutations permits utilization of cellobiose, arbutin, and salicin. Analysis of a series of mutations has shown that the tightly linked genes of the Cel cluster specify separate functions for the utilization of these three P-glucoside sugars. Mutants that express the Cel genes also hydrolyze the synthetic substrate p-nitrophenyl-P-D-glucoside (PNPG) constitutively (Kricker and Hall 1984) . Our recent biochemical studies (to be published elsewhere) have shown that the Cel cluster specifies transport systems that phosphorylate the P-glucoside sugars during transport, and at least one hydrolase that acts on the phosphorylated sugars. The genes of the Cel cluster are expressed constitutively; however, we continue to refer to them as a cluster rather than as an operon because we have no evidence that they are organized as an operon. We use the notation Gel+ to refer to the activated, functional allele and Gel' to refer to the cryptic (wild-type) allele.
The existence of cryptic genes is counterintuitive because of the expectation that random mutations should lead to the rapid loss of silent genes. Cryptic genes are not, however, uncommon in microbial populations (Hall et al. 1983) . To account for their persistence we have proposed that in one environment members of the population with a cryptic allele are more fit than those members that express the gene in question while in some alternative environment those members that express the gene are at a strong selective advantage (Hall et al. 1983) . A deterministic analysis presented with the model strongly supported the idea that there must be some sort of selective advantage of the cryptic genes vis-a-vis functional (expressed) genes. We suggested that repeated cryptification and decryptification may be a means of long-term regulation of rarely utilized functions and may account for the retention of those genes in populations. An explicit analysis by Li (1984) supported this model and made two key points: (1) that the fitnesses associated with cryptic and nonfunctional (irreversibly inactivated) genes should be identical and (2) that, using realistic values for mutation rates and fitnesses, populations need spend < 1% of the time in environments that select for expression of the gene in order for the genes to be retained in the population.
The key assumption of that model is that there are conditions in which cryptic and nonfunctional genes confer a selective advantage vis-a-vis functional genes. In this paper we present evidence for the existence of just such a condition, a condition that is both realistic and directly related to the functions of the Cel genes.
Material and Methods

Culture Media and Growth Conditions
Cultures were grown at 30 C with aeration. Minimal medium consisted of mineralsalts buffer (Hall and Hart1 1974) containing 0.1% (wt/vol) of the indicated sugar as a carbon source. When required, amino acids were added to a concentration of 40 pg/ml. Ampicillin was used at 100 pg/ml, kanamycin at 75 l.tg/ml, and tetracycline at 25 pg/ml. Solid media contained 1.5% agar. MacConkey indicator plates contained 1% (wt/vol) of the indicated sugar and were prepared according to instructions provided by Difco. (See table 1.)
Growth Rates
The turbidities of cultures were followed in a Gilford spectrophotometer at 600 nm. The growth rates are reported as the first-order growth rate constant (p), calculated as the slope of the least-squares fit of ln(Am) versus time (h).
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The recA allele was introduced by Pl cm clr phage (Rosner 1972 ) transduction (Miller 1972 ) from the donor strain JC 10240 with selection for tetracycline resistance. Strain JC 10240 contains Tn 10 in the srZC gene near recA. Tetracycline-resistant colonies were scored for UV sensitivity, and a UV-sensitive transductant was chosen.
Enzymology
Transport Assays
Cultures (50 ml) were grown in glucose minimal medium supplemented, when required to select for plasmid retention, with kanamycin. Cultures were grown to an Am of 0.3-0.4, harvested by centrifugation, washed once with mineral salts buffer, and resuspended in 1.5 ml of 120 mM sodium-potassium phosphate buffer (pH 7.0) with 5 mM MgC&. The A 6oo's of the concentrated cell suspensions were determined in a Gilford spectrophotometer. A cell suspension with an optical density of 1.0 at 600 nm is equivalent to 1 O9 cells/ml. Aliquots ( 1 .O ml) of the cell suspensions were permeabilized by adding 0.1 vol of 35% benzene in 95% ethanol, vortexing vigorously for 1 min, and incubating for 5 min at 37 C (Imai and Hall 198 1) . Cell suspensions were stored on ice until assayed. The cellobiose-, arbutin-, or salicin-dependent release of pyruvate from phosphoenolpyruvate (PEP) was assayed at 30 C by continuous spectrophotometric measurement of nicotinamide adenine dinucleotide (NADH) oxidation at 340 nm in a lactate dehydrogenase-coupled reaction. Reaction mixtures (0.45 ml) consisted of 60 pmoles of sodium-potassium phosphate buffer (pH 7.0), 2.5 pmoles MgC12, 5 pmoles PEP, 0.05 pmoles NADH, nonlimiting amounts of lactate dehydrogenase, and 10 pl of benzene-treated cells. Mixtures were allowed to equilibrate for 5-6 min, and the reaction was initiated by addition of 50 11 of 40 mM p-glucoside sugar. A control to correct for endogenous NADH oxidase activities contained all of the reaction components except that succinate was substituted for P-glucoside. The activity in the presence of succinate was subtracted from the P-glucoside-dependent activity to calculate the p-glucoside cellobiose-transport activity. Assays were performed 392 Hall, Betts, and bicker in triplicate, and the mean f SD for each set of three determinations was computed. One unit equals the oxidation of 1 nmole of NADH/min.
Hydrolase Assays
Cultures were grown in 0.2% glycerol minimal medium to late log phase, washed once in mineral-salts buffer, and resuspended in 0.2 vol of the same buffer. Cells (0.9 ml) were added to 0.1 ml of 100 mM P-glucoside sugar and incubated at 30 C for 30 min for salicin or for 2 h for arbutin. Reactions were terminated by the addition of 0.5 ml of 2 M Na2C03 followed by addition of 0.5 ml of water. Hydrolysis of arbutin and of salicin were measured by the determination of the aglycone liberated according to the methods of Schaefler (Schaefler 1967; Schaefler and Maas 1967) . Arbutin cleavage was measured by the spectrophotometric determination of hydroquinone at 400 nM. Salicin hydrolysis was monitored by the saligenin reaction at 509 nM (Schaefler 1967) . One unit equals the liberation of 1 nmole of aglycone/min.
Plasmids
Plasmid pHSG4 15 is a 7.1 -kb low-copy-number vector that confers resistance to ampicillin, kanamycin, and chloramphenicol. It is temperature sensitive and is lost at temperatures >30 C (Hashimoto-Gotoh et al. 1981) .
Plasmid pULB is an RP-4: : mini-mu plasmid that confers resistance to kanamycin, ampicillin, and tetracycline (Van Gijsegem and Toussaint 1982) .
Results
Cloning the Cel Genes
To clone the Cel genes, the RP4-based mini-mu plasmid pULB 113 (Van Gijsegem and Toussaint 1982) was introduced into the Gel+ strain CSH62TC. Plasmid pULB 113 forms R-prime plasmids by spontaneously integrating large segments of host genomic DNA into the plasmid (Van Gijsegem and Toussaint 1982) . CSH62TC/pULB 113 was mated with the AbgZ strain MK9 l-2R, and Gel+ exconjugants carrying the plasmidborne kanamycin-resistance determinant were selected. The Gel+ plasmid from one exconjugant was designated pUF520 and was mated into strain JF20 1 R to ensure that the Gel+ phenotype was indeed associated with the plasmid.
Plasmid pUF520 carried an insert of >60 kb of chromosomal DNA, resulting in a plasmid > 120 kb. To obtain a more useful plasmid, pUF520 was digested with restriction endonuclease Sau3A and the fragments were ligated with BamHI-digested plasmid pBR322. Strain JF20 1 R was transformed with the ligation mixture, and Gel+/ ampicillin-resistant (amp') transformants were selected. None of these transformants proved to carry a pBR322-based plasmid; indeed, all were rearrangements of pUF520 that had been reduced in size. Despite numerous attempts to subclone the Gel+ genes into pBR322 and various other commonly used vectors, it proved impossible to clone the Gel+ genes into any high-copy-number vector.
One reduced plasmid, designated pUF560, was smaller than pUF520 but still unworkably large. It was therefore digested with Sau3A, and the fragments were ligated into the low-copy-number vector pHSG415 1) that had been digested with endonuclease BarnHI. Again, strain JF201R was transformed and Cel+/amp' transformants were selected. One transformant bore the pHSG4 15-based plasmid now designated pUF562. Plasmid pUF562 carried a 22.5-kb insert derived from pUF520 and included four EcoRI restriction sites.
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To further reduce its size pUF562 was digested with EcoRI, self-ligated, and transformed into strain JF201R. The transformed cells were plated onto MacConkey cellobiose plates containing ampicillin. MacConkey plates contain a fermentation indicator, and colonies that ferment the added carbohydrate (cellobiose) are red whereas nonfermenters are white. One particular transformant was much darker red than were colonies carrying the original pUF562 plasmid. The plasmid from that transformant was designated pUF564, and its restriction map is shown in figure 1. The only difference between pUF562 and pUF564 is that pUF562 includes a 3-kb EcoRI fragment located at the EcoRI site at 16.2 kb on the pUF564 map.
All of these plasmids conferred the full Ccl+ phenotype-i.e., Cel+/Sal+/Arb+ and constitutive hydrolysis of PNPG.
To locate the Cel genes within the cloned 19.5-kb insert, the genes were insertionally inactivated by introduction of a transposable element, gamma-delta, into random sites within pUF564. Gamma-delta is carried on the F plasmid of strain MG1063 and can transpose into and mobilize plasmid pBR322 (Sancar and Rupp 1979) . It seemed possible that it might similarly mobilize plasmid pUF564. Plasmid pUF564 was therefore transformed into strain MG1063, and the resulting strain was mated with JF20 1 R. Plasmid-bearing exconjugants were selected on MacConkey cellobiose plates containing ampicillin and tetracycline. Eight cellobiose-negative (white) colonies and eight cellobiose-positive (red) colonies were isolated, and the positions of gamma-delta were determined by restriction mapping. In the cellobiose-positive plasmids gamma-delta was inserted into roughly random positions, whereas in the cellobiose-negative plasmids the sites of gamma-delta insertions were strongly clustered in the region for 18.9-22.2 kb ( fig. 1) .
To further reduce the size of the plasmid, pUF564 was simultaneously digested with enzymes BarnHI, XhoI, and PstI. The resulting BarnHI-XhoI fragment was ligated into BarnHI-XhoI-cut pHSG4 15. The resulting plasmid, designated pUF568, included only the insert DNA rightward from the BamHI site of pUF564 (at 16.9 kb) to the of individual colonies at 30 C was followed using a dissecting microscope fitted with an ocular containing a millimeter scale. Figure 3 shows the growth of strain JF20 1R with no plasmid, with the Gel+ plasmid pUF570, with the Gel-/Arb-/Salplasmid pUF574, and with the Gel-/ Arb+(we*)/Sal-plasmid pUF572. Similar results were obtained on salicin minimal medium plates, and plasmids with MacConkey phenotypes similar to those described above gave essentially identical growth patterns. JF20 1 R without a plasmid grew very slowly, forming microcolonies on all three P-glucoside substrates by growing at the expense of trace contaminants in the medium. As expected, the strain carrying pUF574 behaved exactly as though it contained no plasmid. In contrast, the strain carrying pUF572 failed completely to form microcolonies on cellobiose and salicin plates, although it did form microcolonies on arbutin minimal medium plates. Plasmid pUF572 behaved as though it were being actively inhibited by cellobiose and salicin. Plasmids with the phenotype of pUF572 were the results of gamma-delta insertions in the region from 18.9 to 20.8 kb, whereas those with the pUF574 phenotype resulted from insertions in the region from 22.0 to 22.2 kb ( fig. 1) . To test the hypothesis that some of the plasmids conferred a P-glucosidesensitive phenotype on the host, cultures were spotted onto glycerol minimal medium plates and onto glycerol minimal medium plates containing each of the p-glucosides. Figure 4 shows that cells containing the plasmids that failed to form microcolonies on cellobiose and salicin were strongly inhibited by P-glucosides when growing on glycerol minimal-medium plates.
Physiological Basis of P-Glucoside Sensitivity
It seemed likely that plasmids that conferred P-glucoside sensitivity contained gamma-delta insertions that inactivated the gene for phospho-P-glucoside hydrolase. Loss of the hydrolase function could lead to accumulation of potentially toxic phosphorylated P-glucoside sugars from the action of the phosphorylating transport system. growth since those transport-proficient, hydrolase-deficient plasmids did not permit growth beyond microcolonies on arbutin minimal medium. Similarly, the phosphoglucosidase A enzyme is insufficient to protect the cells from arbutin inhibition in glycerol-arbutin plates ( fig. 4 ).
Cellobiose Inhibition of Decryptified Gel+ Strains
Although transport-defective plasmids were completely resistant to p-glucoside inhibition, figure 4 shows that both of the Gel+ plasmids were somewhat sensitive to inhibition by arbutin and salicin. This suggested that Gel+ alleles might confer both an ability to utilize P-glucosides and a sensitivity to those same substrates as inhibitors. To test this hypothesis we isolated a series of spontaneous, independent Gel+ mutants from strain JF20 1. Independent small cultures were inoculated from a few (354 f 18) cells and allowed to grow to mid-log phase. One sample of 4 X lo7 cells from each culture was plated onto a cellobiose minimal medium plate, and the plates were incubated at 30 C for several days. One or more colonies appeared on 5 of the 45 plates. A single colony was purified from each plate. Each of these mutants was cellobiose positive and arbutin positive and hydrolyzed PNPG constitutively. None of the mutants were salicin positive (see Discussion). Figure 5 shows the growth of each of these Gel+ strains in cellobiose minimal medium. Although the growth rates varied (see table 3), all were clearly cellobiose positive.
To measure cellobiose sensitivity the parental strain JF201 and each of the Gel+ mutants was grown to a low density in glycerol minimal medium, the culture was divided into two aliquots, one aliquot was made 0.1% in cellobiose, and the growth of both aliquots was followed spectrophotometrically. Figure 6 shows that cellobiose had no effect on the growth of strain JF201 but that it inhibited the growth of two representative Gel+ strains. Table 3 summarizes the results of this experiment for all five Gel+ strains. The growth rates on cellobiose do not correlate with transport rates, which are reasonably homogeneous (mean = 4.57 + 0.42 unitslAb&. It therefore seems likely that hydrolase activity limits growth rate on cellobiose. There is, however, a good correlation (r = -0.93) between the inhibition and the growth rates of Gel+ strains on cellobiose.
Discussion
Bacteria are strongly inhibited by the accumulation of sugar phosphates at high levels (Ferenci and Kornberg 1973; Lin 1976; Slater et al. 198 1; Hausman et al. 1984; London et al. 1985) . The basis of this inhibition is not clear, but the consensus seems to be that it involves both direct inhibition by the sugar phosphates and indirect effects of draining adenosine triphosphate and PEP pools. Whatever the mechanism, . . . to the medium. The lines for P-glucosides strongly inhibit cells carrying plasmids that allow the transport and phosphorylation of substrates but do not allow their hydrolysis (fig. 4) , and it seems likely that this inhibition is the result of the accumulation of high levels of P-glucoside phosphates.
It is unlikely, however, that a simple failure to hydrolyze phosphorylated substrates can account for selection against the expression of Gel+ genes in Escherichia coli populations. When these genes are activated they permit both transport and hydrolysis of substrates. The data obtained with the Gel+ mutants of JF20 1, however, show that cellobiose can greatly reduce the growth rate, hence the fitness, of Gel+ mutants. Because the change in the relative frequencies of Gel' and Gel+ cells in a glycerol + cellobiose mixed-resource environment is proportional to their difference in growth rates, we have expressed cellobiose inhibition in terms of the difference in growth rates on glycerol alone and on glycerol + cellobiose. The homogeneity of the cellobiose-transport rates among the Gel+ mutants makes it unlikely that differential transport accounts for the different growth rates. It thus is likely that the mutants hydrolyze cellobiose phosphate at different rates (unfortunately, we cannot assay cellobiose hydrolase activity directly at this time). If so, those mutants that grow slowest on cellobiose are expected. to accumulate the highest levels of cellobiose phosphate as a result of having the lowest hydrolase activity. This would account for the observed correlation between growth rate on cellobiose and the extent of cellobiose inhibition.
Results qualitatively similar to these have been obtained by Rams et al. ( 1983) in a study of the metabolism of 2,4,Strichlorophenoxyacetic acid (2,4,5-T) by Pseudomonas cepacia. Although the P. cepacia strain could grow on 2,4,5-T as a sole resource, 2,4,5-T inhibited growth on succinate. This inhibition was attributed to the fact that the first enzyme of the 2,4,5-T pathway, which converts 2,4,5-T to 2,4,5-trichlorophenol(2,4,5-TCP), is expressed constitutively whereas the remaining enzymes in the pathway are induced by the 2,4,5-T itself. This leads to an initial accumulation of toxic 2,4,5-TCP-and to a consequent growth inhibition. The Gel+ mutant isolated in our previous study (Kricker and Hall 1984) was isolated, in a series of two steps, from a mutant that also expressed the normally silent bgl operon. Although we showed that expression of the bgZ operon is not necessary for utilization of P-glucosides via the Cel genes cluster, it had not been formally demonstrated that Ccl+ mutants could arise in strains that were not expressing the bgl operon. We have now shown that Ccl+ mutants can be obtained in a single step by spontaneous mutations in a strain deleted for the bgl operon.
The Gel+ mutants of JF201 were salicin negative. They were likewise not inhibited by salicin when growing in glycerol minimal medium (data not shown). We do not know why JF201 gave rise to Sal-/Gel+ mutants whereas in the earlier study strain 10 11 A gave rise to Sal+/Cel+ mutants. This may simply reflect a loss of function that occurred in the salicin gene of JF20 1 after it diverged from 10 11A. Such a loss of function is entirely consistent with the model for retention of cryptic genes, since it is unlikely that strain JF201 would have encountered selection for expression of the Cel genes in the laboratory.
We now draw an analogy between Gel+ E. coli and a man who is lost in the woods and has nothing but poisoned cookies to eat. He may survive by eating those poisoned cookies, for, although they make him very sick, he will not starve and will be better off than if he eats nothing. On the other hand, if he eats the same poisoned cookies when he has other sources of food available he will be greatly disadvantaged. Similarly, when a Gel+ strain is in an environment in which cellobiose is the sole resource it will have a great fitness advantage over Gel' strains. This corresponds to environment I of the model for retention of cryptic genes. In a mixed-resource environment (environment II of the model) the Gel+ strain will be at a significant disadvantage when cellobiose is present.
The "poisoned-cookie" model of cellobiose inhibiting Gel+ strains accounts for a number of puzzling phenomena that we encountered in the early stages of this study.
In early transduction studies we found that we could not select Gel+ transductants by direct plating onto cellobiose minimal medium but that we could select them by plating onto arbutin minimal medium, in which case ail of the arbutin-positive colonies were also cellobiose and salicin positive. The hydrolysis of arbutin by the endogenous phosphoglucosidase A may have protected the transductants from arbutin poisoning, whereas transductants plated onto cellobiose may have been poisoned by accumulation of cellobiose phosphate.
We have pointed out (Kricker and Hall 1984 ) that the identical condition had been employed to select the original Gel+ mutant as had been employed to select a spontaneous Gel-/Arb-/Sal-"back mutant" of that strain-and that was then use.d in a third step to revert the "back mutant" to Gel+. That condition was the formation of papillae on the surface of colonies growing on MacConkey cellobiose medium. That medium provides a mixed-resource environment containing cellobiose. Strains that are unable to utilize cellobiose exhaust the alternative resources in the immediate environment of the colony, at which time spontaneous Gel+ mutants acquire a strong selective advantage because of their ability to exploit the cellobiose as a resource. Gel+ colonies on the same medium are inhibited and form smaller colonies than do Gel' strains (data not shown). Spontaneous Gel-mutants arising within such colonies would be at an advantage, as was seen in the previous study. The repetition of this cycle (Kricker and Hall 1984 ) matches exactly the model for retention of cryptic genes (Hall et al. 1983 ).
Reynolds et al. (198 1) speculated that the basis for crypticity of the bgl operon might be the presence of toxic P-glucosides in the environment. It now appears that those toxic P-glucosides are the very substrates that are utilized for growth.
Cryptic Cellobiose Genes 40 1 Escherichia coli are most likely to encounter cellobiose and other P-glucosides in complex environments that contain a variety of resources. The present results suggest that Gel+ alleles will be selected only in environments that are virtually depleted of other resources. Cellobiose does not occur free in nature (Windholz 1976 ), but instead is found polymerized as the repeating unit of cellulose. Cellulose metabolism by a variety of organisms involves degradation by an extracellular cellulase, followed by uptake and metabolism of the resulting cellobiose. This suggests that selection for Gel+ alleles of E. coli will occur in environments in which cellulose is being actively degraded. Studies to attempt to identify such environments are in progress.
